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Soil erosion by wind and water is an important problem for Salihli region in Western
Turkey. There are several vineyards on the cultivated soils of this region, which is a sig-
nificant economic income source for the residents. This study focuses on the cultivated
soils in these areas to quantify spatial distribution of 137Cs using 3-D graphic method and
eventually to estimate erosion and deposition using the results of 137Cs spatial distribution
obtained. The erosion and deposition rates were estimated using proportional and
simplified mass balance models. Results obtained using simplified mass balance model
gave slightly higher values than those found using proportional model. Erosion and
deposition rates derived from proportional model varied from 16.02 to 19.40 t ha-1y1
and from þ6.80 to þ9.62 t ha-1y1, respectively. On the other hand, values determined using
simplified mass balance model ranged from 17.52 to 21.10 t ha-1y1 and from þ7.21 to
þ11.31 t ha-1y1. The comparison of the results obtained via these models revealed a good
agreement within the range of 30 t ha-1y1 soil loss and gain.
Copyright © 2015, The Egyptian Society of Radiation Sciences and Applications. Production
and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Soil loss from the land due to the effects of wind currents and
water flow is known as soil erosion. It is also a natural process
that supports transportation of soil from one area to other. In
natural conditions, this process occurs at very slow phase and
in a gradual manner. But due to human activities the rate of
the soil erosion has drastically increased and led to the un-
desirable soil erosion. Some of the problems that accelerate
the process of soil erosion are improper farming, over
farming, over grazing, and deforestation. Several quantitative
and qualitative techniques have been developed and used to3.
c¸hedef).
gyptian Society of Radiat
iety of Radiation Sciences
icense (http://creativecomestimate soil erosion and deposition throughout the world.
However, most of these techniques are not able to produce
any spatial patterns of soil movements and re-deposition of
eroded particles within the fields to understand soil loss. Use
of nuclear techniques in erosionmonitoring and especially for
qualification of soil loss has offered a fast and economical tool
to estimate erosion rate starting with 137Cs in 1970s (Cohen,
Shepherd, & Walsh, 2005; Li, Lobb, Kachanoski, & McConkey,
2011; Sac, 2008).
Themain reasonof radioactive depositionon the soils is the
infiltration of rainwater, which contains 137Cs penetrated into
atmosphere via nuclear weapon tests and Chernobyl. When
137Cs reactswithsoil by rainfall, it is absorbedandaccumulatedion Sciences and Applications.
andApplications. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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with clay minerals (Oztas, 1993), which have been empirically
andmathematically modeled to estimate soil erosion (Zapata,
2002; Zhang, Higgitt, &Walling, 1990). Since tracking 137Cs ab-
sorption on the soil can be used to estimate soil loss, this
approach has been used in numerous studies (Ritchie &
McHenry, 1990). Advantages of using 137Cs tracking technique
to estimate soil erosion can be listed as follows:
a) Requires one sampling trip to field,
b) Provides results promptly.
c) Allows retrospective assessment of soil erosion rates
(average losses for 35e40 year period thus is less influenced
by extreme events).
d) Provides estimates of soil erosion rates, deposition rates,
and export rates.
e) Allows a sampling methodology to provide any spatial
resolution required (Nouira, Sayouty, & Benmansour,
2003).
Recent concern on soil degradation and the offsite impacts
of accelerated erosion have highlighted the need for improved
methods in order to estimate the rates and patterns of soil
erosion by water.
Although many studies by conventional methods have
been conducted for soil erosion in Turkey, there are very few
studies for the problem using nuclear techniques. Application
of nuclear techniques in erosion studies in Turkey has started
with our study in G€okova region in Western Anatolia. In the
study, we investigated the applicability of 137Cs techniques for
estimation of soil loss in Yatagan basin. The erosion rates of
three hills, one cultivated land and two uncultivated lands, in
the basin were determined using 137Cs technique with pro-
portional model (PM), profile distribution model (PDM) and
simplified mass balance model (SMBM), respectively. Results
of 137Cs technique were compared with the results of the
Universal Soil Loss Equation (USLE) and a good agreementwas
observed between soil losses predicted by both 137Cs and USLE
techniques (Sac, 2008).
Despite the effective threat of erosion, for soil preservation
and productivity in Salihli region, there is still limited infor-
mation on soil loss rates. This study provides the determina-
tion of long-term erosion rates in cultivated land of Salihli
region using 137Cs tracking technique. Since soil erosion is the
most significant agricultural problem for soil conservation
throughout this region, almost every location nearby the
vineyards has to deal with this problem. Consequently, the
objectives of our study are: 1) to evaluate the reliability of the
137Cs technique for the quantification of erosion in the Salihli
region 2) to document the levels of 137Cs on cultivated soils in a
catchment located inWestern Turkey 3) to estimate erosion or
deposition rates on cultivated land using empirical model.2. Materials and methods
2.1. Description of study area
The study region is located at Gediz Basin of the Aegean Re-
gion in the west of Turkey. This basin lies between northernlatitudes of 38270e38450 and southern longitudes of
27100e2816’. 18) It is composed of Palaeozoic-aged schist,
gneiss, and crystallized calcareous. It also contains broken
volcanic rocks such as limestone, sandstone, conglomerate
and marble. Areas lying between the south of Gediz basin and
the south of Manisa plain have limestonemixedwith layers of
lava and tuff, marble, conglomerate, clayey-gypsum sand-
stone and some rocks containing silt, sand, pebble, clay and
gypsum. Alluvial rocks are observed on low hills in the form of
Oligocene formations. Most of the basin has been formed by
alluvial materials carried by Gediz River.
The climate in the region is Mediterranean climate, where
annual precipitation varies between 450 and 1060 mm, and
the mean annual temperature is 16.6 C (Topraksu, 1971).
2.2. Sampling sites
Samples were collected from four different topographic
cultivated regions (Fig.1 and Table 1). These areaswere chosen
as the study sites because of the existence of intensive agri-
cultural activities. The study sites were sampled using a sys-
tematic grid design between 30  30 m2 and 50  50 m2
depending on the topographic characteristics of the site. Bulk
soil cores were collected from each of moderate sloppy sites
(1%e10%) up to plough depth (Table 1). The cultivation depth
was estimated to be 25 cm thatwas the depth of a hoe or oxen-
drawn. Two types of core tube were used for sampling. A
stainless-steel core tube with 8.5 cm diameter was used for
bulk core sampling and corer of 15.5 cm diameter was used for
sliced soil profiles. Sectioned soil cores were collected in 5 cm
intervals up to 40 cm soil depth for vertical distribution of
137Cs along soil profiles to investigate the proper reference
points and also the eroded areas. 137Cs Activity concentration
was found to be disturbed almost uniformly, but exponen-
tially distributed in the reference points.
The choice of a suitable reference site is one of the most
important aspects of the technique. Locations where there is
no erosion or deposition occurredwere examined as reference
sites. As in the most used 137Cs method, the 137Cs loss is
determined by comparing the 137Cs inventory for individual
sampling site to a reference value obtained from undisturbed
non-eroding area. The choice of suitable reference sites
should be done careful. The reference site should have
received the same annual precipitation and should have
similar geomorphological parameters with the sampled
cultivated field. Seven uncultivated and undisturbed sites
were selected near the meteorological stations in the catch-
mentwith different slope inclinations than have the reference
sites in the watershed. Table 2 lists some characteristics of
these sites.
2.3. Gamma spectrometric analysis for 137Cs
The soil samples were oven dried at 105 C, disaggregated,
passed through 600 mm (30 meshes) sieves, mixed, weighted
and was put in Marinelli beakers of 1200 mL with 1500 g
weight. The samples were analysed for 137Cs by direct gamma
assay, using Tennelec/Nucleus HPGe (184 cc) planar type co-
axial intrinsic germanium detector. 137Cs activity was
measured by its gamma emission at 662 keV. Background
Fig. 1 e Digital image of Salihli region showing the sampling areas.
J o u rn a l o f R a d i a t i o n R e s e a r c h and A p p l i e d S c i e n c e s 8 ( 2 0 1 5 ) 4 7 7e4 8 2 479counts were made at regular intervals to ensure the mainte-
nance of low background characteristics. Each soil sample
was counted for 20000 s. A 137Cs standard sealed radioactive
source (Amersham, Certificate no. 317776-3) was used to
determine the efficiency of the spectrometer. The 137Cs in-
ventory A (in Bq m2) in the samples was calculated using,
A ¼ CM
S
(1)
where C is the 137Cs activity concentration of the sample (in Bq
kg1), M is the total dry mass of the collected soil core (in kg)
and S is the cross-section of the sampling tube (in m2;
Bouhlassa, Moukhchane, & Aiachi, 2000).2.4. Calibration models
In order to apply the 137Cs models in cultivated areas, the
reference inventories at the sampling fields are expected to be
higher than those at the cultivated sites undergoing soil
erosion and lower than the inventories at the deposition sites.
As a matter of fact it was observed that most of the 137Cs in-
ventories at the sampling points at each site were lower than
the reference inventory showing that some erosion and soil
loss have occurred in these areas whereas 137Cs excess in the
other inventories pointed out to the deposition areas.
In this study, two different models were used to derive
estimates of soil redistribution rates from the measuredTable 1 e Topographic data of sampling locations.
Locations Elevation
(m)
Coordinate Gradient of
slope %
S1 76 383302800 N 280404600 E 7
S2 78 383402000 N 280604700 E 6
S3 80 383102600 N 280503500 E 8
S4 91 383300600 N 280902700 E 10inventories for individual sampling sites. PM (Proportional
model) is probably the most commonly used theoretical
model for estimating soil-erosion rates from 137Cs measure-
ments on cultivated soils (Bouhlassa et al., 2000; Bujan et al.,
2000; Lu & Higgitt, 2000; Ritchie & McHenry, 1990; Tyler,
Carter, Davidson, Long, & Tipping, 2001; Walling & He, 1999).
This model is based on the simple premise that 137Cs fallout
inputs are completely mixed within the plough or cultivation
layer. The depth of soil lost as a result of erosion during the
period since the beginning of 137Cs accumulation is directly
proportional to the reduction in the 137Cs content of the soil
profile relative to the reference inventory. Thus if the half of
the 137Cs input has been removed, the total soil loss over the
period is assumed to be 50% of the plough depth. The erosion
rate can be readily calculated by dividing the depth or mass of
soil lost by the number of years involved. The basic equation
of proportional model can, therefore, be represented as
(Walling & He, 1999):
Y ¼ 10 BdX
100T
(2)
where X is the percentage reduction in total 137Cs inventory
(defined as (Aref-A)/Aref  100), d is the depth of the plough or
cultivation layer (m), B the bulk density of the soil (kg m3), T
the time elapsed since the start of 137Cs accumulation (yr), ArefTable 2 e 137Cs inventories of reference locations in study
areas.
Locations Sampling
points
Slope % 137Cs (Bq m2)
Average Range
S1R 5 1 1070 950e1250
S2R 4 2 1220 970e1375
S3R 4 2 1280 1150e1380
S4R 5 4 1320 1055e1475
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ventory measured at the sampling point (Bq m2).
SMBM (Simplified Mass-Balance Model) assumes that the
total 137Cs fallout occurred only in 1963, instead of from the
mid-1950s to the mid-1970s. SMBM also requires data on in-
volves 137Cs inventories and on plough layer depth, they do
not take into account the possible removal of freshly depos-
ited 137Cs, before its incorporation in the plough layer. SMBM
attempts to overcome another limitation of the PM by taking
into account the dilution of 137Cs in the plough layer after
surface lowering by erosion (Bouhlassa et al., 2000; Tyler et al.,
2001; Zhang et al., 1990). According to this model, the mean
annual rate of soil loss Y (t ha-1yr1) is expressed as follows:
Y ¼ 10dB
"
1

1 X
100
 1
ðt1963Þ
#
(3)
where t represents time since 1963.3. Results
The average inventories of 137Cs for erosion sites vary between
746 and 910 Bq m2 and mean 137Cs inventory is 828 Bq m2
and average reference inventories ranges from 1070 to 1320 Bq
m2. The average inventories of 137Cs for deposition sites vary
between 1130 and 1460 Bq m2 and mean 137Cs inventory is
1305 Bq m2. The erosion and deposition rates calculated by
the PM and the SMBM are presented in Tab 2. When PM was
used, erosion and deposition rates varied from 16.02 to
19.40 t ha-1y1 and from þ6.80 to þ9.62 t ha-1y1, respec-
tively. They varied from 17.52 to 21.10 t ha-1y1 and from
þ7.21 to þ11.31 t ha-1y1 with SMBM (Table 3).
The distribution of 137Cs activity as a function of soil depth
in the reference and agricultural sites was examined in order
to provide background information on the behavior of 137Cs
falloutwithin the soil. Fig. 2 shows the 137Cs depth distribution
associated with three typical sectioned cores collected from
the study area. For core A, which was collected from an un-
disturbed (uncultivated) site, there is a broad peak in the 137Cs
profile close to the surface, and the maximum concentration
is found at a depth of 4 cm below the surface. Concentrations
of 137Cs decrease gradually below the peak. For the two
sectioned cores collected from the cultivated field, the 137Cs
concentrations are relatively uniformwithin the plough layer.
Core B was collected from an eroded location, and the total
137Cs inventory of 1153.5 Bq m2 is substantially lower than
the estimated local reference inventory. Core C was collectedTable 3 e Average values of137Cs inventories, erosion and dep
Locations 137Cs inventory
Erosion sites
(Bq m2)
Deposition
sites
(Bq m2)
Erosion
rate
(t ha-1yr1)
S1 746 1130 16.58
S2 855 1322 18.25
S3 802 1308 16.02
S4 910 1460 19.40from a depression area near the base of the interfluve slope. In
this core the 137Cs activity concentration extends below the
plough layer, indicating that deposition of sediment contain-
ing 137Cs eroded fromupslope. The occurrence of deposition at
this site is further confirmed by the total inventory for core C
(2740 Bq m2), which is significantly greater than the local
reference inventory.
The 137Cs inventory at a sampling point can be simulated
over time in relation to time-dependent input of fallout,
radioactive decay, losses to leaching, cropping and soil
erosion. Vertical distribution of 137Cs within the soil, the effect
of mixing by tillage and the enrichment associated with size
selective transport of eroded material can also be incorpo-
rated into the mass balance procedure (Sac, 2003).
Spatial distribution of 137Cs inventories together with
erosion and deposition rates estimated by PM and SBMB from
the bottom to the top of the slope at an agricultural field of
50  50 m2 in S1 site is shown in Fig. 3.
PM is based on the fact that 137Cs is mixed homogeneously
in ploughed horizon and the soil loss is directly proportional
to loss of 137Cs. The relation is very simple, considering only
the time since 137Cs deposition, soil bulk density, the depth of
ploughed horizon and particle size correction factor. The
expression of time since 137Cs deposition is simplified.
Gradual fallout lasting from 1950's to mid-1970 is replaced by
theoretical abrupt fallout in 1963, when the fallout reached
the maximum intensity. Particle size correction factor was
introduced to take account of the selective removal of the fine
particle by erosion, because the 137Cs is preferentially associ-
ated to fine particles.
The different between SMBM and PM is clearly observed in
Fig.4 which compares the erosion rates estimated with two
models (correlation coefficient, r ¼ 0.80). The soil erosion and
deposition values obtained by SMBM simplified mass balance
model are slightly higher than those obtained by PM.4. Conclusion
137Cs distribution in the sites demonstrated that 137Cs tracking
technique can be successfully used to estimate soil erosion
and deposition rates. Utilization of 137Cs tracking technique
enabled us to quantify the magnitude of soil erosion in Salihli
region, which was significant.
Although there are significant deviations among data ob-
tained from both models, especially at high soil erosion rates
(30 t hae1year1), it has been observed that there were littleosition rates in each sampling sites.
PM SMBM
Deposition rate
(t ha-1yr1)
Erosion rate
(t ha-1yr1)
Deposition rate
(t ha-1yr1)
þ8.62 17.52 þ9.57
þ9.62 18.22 þ11.31
þ7.42 18.26 þ8.45
þ6.80 21.10 þ7.21
Fig. 2 e The variation of 137Cs concentrations with depth at different soil profiles in S1 Site.
Fig. 3 e Spatial distribution of erosion and deposition rates
determined from 137Cs data at S1 site.
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out by Nouira et al. (2003), PM does not take into account the
dilution of 137Cs concentrations in the soil within the plough
layer, resulting from incorporation of soil from below the
original plough depth due to surface lowering by erosion; thus,
the results obtained by this model in the present study likely
underestimate the actual rates of soil loss. SBMB approach
that takes into account the effect of mixing of the subsoil
containing no 137Cs from below the plough depth into plough
layer gave higher values for soil loss rate as is observed in
some other reports (Nouira et al., 2003; Zhang et al., 1990). This
effect is clearly observed in Fig. 4 which compares the erosion
rates estimated with two models.
Finally, 137Cs tracking technique is a useful erosion model
for the Salihli region. This data can be used to refine erosion
control guidelines influencing the selection of a vast array of
management practices by an agricultural producer such as;
tillage, fertilizer application, crop rotation, plant population
and structures.Fig. 4 e Erosion and deposition rates estimated using PM
and SMBM in cultivated sites of Salihli region.
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